Increasing evidence suggests that dysregulation of long non-coding RNAs (lncRNAs) is implicated in chemoresistance in cancers. However, the function and molecular mechanisms of lncRNAs in gastric cancer chemoresistance are still not well understood. In this study, we aimed to investigate the functional role and the underlying molecular mechanisms of lncRNA HOXD cluster antisense RNA 1 (HOXD-AS1) in cisplatin (DDP) resistance in gastric cancer. Our results revealed that HOXD-AS1 was upregulated in DDP-resistant gastric cancer tissues and cells. Patients with gastric cancer with high HOXD-AS1 expression levels had a poor prognosis. Knockdown of HOXD-AS1 facilitated the sensitivity of DDP-resistant gastric cancer cells to DDP. Additionally, HOXD-AS1 epigenetically silenced PDCD4 through binding to the histone methyltransferase enhancer of zeste homologue 2 (EZH2) on the promoter of PDCD4, thus increasing H3K27me3. More importantly, PDCD4 silencing counteracted HOXD-AS1 knockdown-mediated enhancement of DDP sensitivity in DDP-resistant gastric cancer cells. In summary, HOXD-AS1 led to DDP resistance in gastric cancer by epigenetically suppressing PDCD4 expression, providing a novel therapeutic strategy for patients with gastric cancer with chemoresistance.
Introduction
Gastric cancer is the second most common cause of mortality and morbidity throughout the world, thus representing a major public health problem [1] . Despite considerable advances in gastric cancer treatment, the majority of patients with gastric cancer remain incurable once metastasis has happened and have a poor prognosis [2] . Cisplatin (DDP) was used as the first-line chemotherapeutic agent for gastric cancer treatment [3, 4] . Nevertheless, acquired resistance to DDP is a key barrier to the effective treatment of gastric cancer [5] . Consequently, revealing the underlying mechanism and discovering novel therapeutic approaches are imperative for developing effective therapies for patients with gastric cancer.
Long non-coding RNAs (lncRNAs) are a class of endogenous non-coding RNAs greater than 200 bp in length. LncRNAs have been reported to exert oncogenic or tumour suppressor roles and have been elucidated to regulate the biological processes and cell functions in many malignancies [6] [7] [8] . Additionally, dysregulated lncRNAs could be involved in chemoresistance in various tumours [9] [10] [11] . LncRNA HOXD cluster antisense RNA 1 (HOXD-AS1) is transcribed from the HOXD cluster, which is one member of the HOX gene clusters [12] . Also, HOXD-AS1 has been widely recognized as an oncogenic lncRNA in many cancers [13, 14] . However, the functional role of HOXD-AS1 and the underlying mechanism in gastric cancer chemoresistance are still not well understood.
In the present study, we aimed to explore the functional role and molecular mechanism of HOXD-AS1 in gastric cancer DDP resistance. We found that HOXD-AS1 levels were extremely elevated in DDP-resistant gastric cancer tissues and cells. In addition, HOXD-AS1 silencing enhanced the sensitivity of DDP-resistant gastric cancer cells to DDP. In a mechanistic manner, HOXD-AS1 rendered DDP resistance of gastric cancer cells through epigenetically silencing PDCD4 via recruiting enhancer of zeste homologue 2 (EZH2). Our study revealed a novel HOXD-AS1/PDCD4 regulatory axis conferring DDP resistance in gastric cancer.
Material and methods

Sample collection and cell culture
Tumour (n = 42) and adjacent normal (n = 42) tissues were collected from patients with gastric cancer undergoing surgery at the First Affiliated Hospital of Zhengzhou University, Zhengzhou, China. All patients were treated with DDP and divided into two groups: DDP-sensitive (complete or partial remission) DDP-resistant (stable or deteriorating) patients. Additionally, the patients were further divided into high and low HOXD-AS1 expression groups based on the median of HOXD-AS1 levels. Our research was approved by the ethics committee of the First Affiliated Hospital of Zhengzhou University. All patients gave signed informed consent. To identify functional lncRNAs in gastric cancer, we downloaded three sets of gene expression profiling data for gastric cancer (GSE50710, GSE53137 and GSE109467) from the GEO database (https:// www.ncbi.nlm.nih.gov/geo/). Moreover, the normalized RNA-seq data from the Stomach Adenocarcinoma (STAD) dataset were downloaded from The Cancer Genome Atlas (TCGA) data portal website (https://cancergenome.nih.gov/). All of the data from the databases were analysed using R language.
Human fetal gastric epithelial cell line (GES-1) and human gastric cancer cell lines (BGC823 and SGC7901) were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). The DDP-resistant strains (BGC823/DDP and SGC7901/DDP) were derived from BGC823 and SGC7901 by cisplatin (DDP) exposure. All cells were cultured in RPMI-1640 medium (Gibco, Rockville, MD, USA) containing 10% fetal bovine serum at 37°C in a humidified incubator under 5% CO 2 .
Cell transfection
The empty vector pcDNA3.1 (vector) or HOXD-AS1 overexpressing vector pcDNA3.1-HOXD-AS1 (HOXD-AS1) and small interfering RNAs against HOXD-AS1 (si-HOXD-AS1), EZH2 (si-EZH2) or PDCD4 (si-PDCD4) or their scramble negative siRNA (si-con) were obtained from Genepharma (Shanghai, China). Cell transfections were carried out using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
Quantitative real-time polymerase chain reaction
Trizol reagent (TaKaRa, Tokyo, Japan) was used for total RNA extraction. Then, cDNA samples were obtained by reverse transcription using a PrimeScript RT Reagent Kit (TaKaRa). Quantitative real-time polymerase chain reaction (qRT-PCR) was performed using an SYBR green qRT-PCR assay. GAPDH was used as an internal control for HOXD-AS1 and PDCD4. The primers were as follows: HOXD-AS1 forward: 5 0 -GGC TCT TCC CTA ATG TGT GG-3 0 , reverse: 5 0 -CTC TGG TTG GGT GAC TGG TT-3 0 ; PDCD4 forward: 5 0 -GGC CTC CAA GGA GTA AGA CC-3 0 , reverse: 5 0 -AGG GGT CTA CAT GGC AAC TG-3 0 . The 2 −ΔΔCt method was used to analyse the data.
Drug sensitivity assay
The sensitivity of gastric cancer cells to DDP was evaluated by the MTT (Sigma, St. Louis, MO, USA) assay. The IC50 value (half maximal inhibitory concentration) of BGC823/ DDP and SGC7901/DDP cells to DDP was estimated using relative survival curves.
Flow cytometric analysis
Cell apoptosis was determined using an Annexin V-FITC/PI Apoptosis Detection Kit (KeyGEN Biotech, Nanjing, China). In brief, BGC823/DDP and SGC7901/DDP cells were harvested after treatment and then suspended in annexinbinding buffer. Afterwards, annexin V/FITC and PI solution were used to stain cells for flow cytometry analysis. FACSan flow cytometry (BD Biosciences, San Jose, CA, USA) was used to evaluate cell apoptosis.
Subcellular fraction assays
The separation of nuclear and cytoplasmic RNA from BGC823/DDP cells was performed using a Cytoplasmic and Nuclear RNA Purification Kit (Norgen, Belmont, CA, USA) in accordance with the manufacturer's instructions.
RNA pull-down assays
Biotinylated HOXD-AS1 and antisense-HOXD-AS1 RNAs were mixed with BGC823/DDP cell lysates, followed by incubation with Streptavidin Magnetic Beads (Life Technologies, USA). Then, the bound protein was detected by western blot.
RNA immunoprecipitation assays
RNA immunoprecipitation (RIP) was carried out using the Magna RIP RNA-binding protein immunoprecipitation kit (Millipore, Billerica, MA, USA) and antibodies against EZH2 and immunoglobulin G (IgG) (Cell Signaling Technology, Danvers, MA, USA) following the manufacturer's instructions. The RNA levels in the immunoprecipitates were determined by qRT-PCR analysis.
Chromatin immunoprecipitation assays
Chromatin immunoprecipitation (ChIP) assays were conducted using an EZ-ChIP kit (Millipore) with anti-EZH2 (Cell Signaling Technology), anti-H3K27me3 (Millipore) or anti-IgG (Millipore) antibodies. The precipitated DNA was analysed by qRT-PCR.
Luciferase reporter assay
The PDCD4 promoter reporter vector was obtained from Genechem (Shanghai, China). Then, BGC823/DDP cells were cotransfected with (HOXD-AS1 or vector) or (si-HOXD-AS1 or si-con) and the reporter promoter. Finally, luciferase activity in BGC823/DDP cells was detected using the Luciferase Reporter assay system (Promega, Madison, WI, USA).
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Western blot analysis
Western blotting was performed as described previously [15] . The antibodies against EZH2, PDCD4 and GAPDH were purchased from Cell Signaling Technology.
Animal experiments
The animal study was approved by the research ethics committee of the First Affiliated Hospital of Zhengzhou University. Lentivirus carrying shRNA to HOXD-AS1 (sh-HOXD-AS1) was commercially designed and synthesized by Ribobio (Guangzhou, China). BGC823/DDP cells stably infected with sh-HOXD-AS1 or sh-con were transplanted into BALB/c-nude mice (six weeks old) from Slac Laboratory (Shanghai, China), and then the mice were injected intraperitoneally with 6 mg kg −1 DDP or the same volume of phosphatebuffered saline (PBS) every 7 days. Tumour size was monitored every 7 days, and tumour volumes were calculated based on the following formula: volume = 0.5 × length × width 2 . On the 35th day post treatment, the mice were killed, and xenograft tumours were detected. HOXD-AS1 expression and PDCD4 protein levels were measured by qRT-PCR and western blot assays.
Statistical analysis
All data are presented as the means ± s.d. from at least three independent experiments. The statistical differences between groups were evaluated by Student's t-test and one-way ANOVA. p < 0.05 was considered significant.
Results
HOXD-AS1 was upregulated in DDP-resistant gastric cancer tissues and cells
To analyse the different lncRNA expressions in gastric cancer tumour and normal tissues, we downloaded gastric cancer gene expression data from GEO DataSets (GSE50710, GSE53137 and GSE109467). Among the differentially expressed lncRNAs, HOXD-AS1 was highly expressed in the gastric cancer tumour tissues compared with normal tissues in all three above-mentioned datasets (figure 1a-c). To confirm the result from GEO DataSets, the expression of HOXD-AS1 was further analysed in gastric cancer tissues from the TCGA dataset. The results indicated that HOXD-AS1 expression was 3.3. HOXD-AS1 epigenetically suppressed PDCD4 expression in BGC823/DDP cells HOXD-AS1 has been reported to silence gene expression by recruiting EZH2, a vital catalytic subunit of polycomb repressive complex 2 (PRC2), to the specific genome sites of target genes [16, 17] . Moreover, PDCD4 could be suppressed by EZH2 through the enrichment of H3K27me3 on its promoter region [18] . Thus, we wondered whether HOXD-AS1 epigenetically repressed PDCD4 through EZH2 in gastric cancer. royalsocietypublishing.org/journal/rsob Open Biol. 9: 190068
and H3K27me3 occupancy of the PDCD4 promoter ( figure 3f ) . Also, the luciferase reporter assay revealed that HOXD-AS1 inhibition improved the activity of the PDCD4 promoter; in contrast, upregulation of HOXD-AS1 suppressed the promoter activity ( figure 3g ). All these data demonstrated that HOXD-AS1 epigenetically silenced PDCD4 through recruiting EZH2 and increasing the H3K27me3 level on the promoter region of PDCD4 in gastric cancer cells.
HOXD-AS1 inhibition enhanced DDP sensitivity of DDP-resistant gastric cancer cells by increasing PDCD4 expression
To further investigate whether HOXD-AS1 enhanced the response of gastric cancer cells to DDP via regulating PDCD4 expression, si-con, si-HOXD-AS1 or si-HOXD-AS1 + si-PDCD4 si-con a n t i -I g G a n t i -E Z H 2 i n p u t a n t i -I g G a n t i -E Z H 2 a n t i -H royalsocietypublishing.org/journal/rsob Open Biol. 9: 190068 silencing overcame DDP resistance in DDP-resistant gastric cancer cells through PDCD4 inhibition.
HOXD-AS1 knockdown enhances DDP sensitivity in tumours in vivo
To validate the functional role of HOXD-AS1 in DDP resistance in vivo, a mouse xenograft model was established. sh-con or sh-HOXD-AS1 stably infected BGC823/DDP cells were subcutaneously injected into nude mice and treated with DDP or PBS. The data indicated that HOXD-AS1 silencing or DDP exposure blocked tumour growth, as demonstrated by the reduced tumour volume (figure 5a) and tumour weight (figure 5b). HOXD-AS1 silencing combined with DDP exposure contributed to a more evident decrease in tumour growth ( figure 6a,b) . Moreover, qRT-PCR and western blot assays revealed that HOXD-AS1 expression was lowered, while PDCD4 expression was elevated in tumours after the introduction of sh-HOXD-AS1 or DDP treatment (figure 5c,d), especially after the combination of sh-HOXD-AS1 and DDP exposure. All these data demonstrated that HOXD-AS1 silencing enhanced DDP sensitivity of gastric cancer cells in vivo. Moreover, the schematic diagram of the mechanism of HOXD-AS1 epigenetically regulating PDCD4 is shown in figure 6 . It is possible that HOXD-AS1 interacts with EZH2 and recruits it on the PDCD4 promoter to increase the H3K27me3 level, reducing PDCD4 expression and subsequently contributing to DDP resistance.
The results indicate that lncRNA HOXD-AS1 led to gastric cancer DDP resistance via epigenetically silencing PDCD4.
Discussion
Chemoresistance has severely restricted therapeutic outcome for patients with gastric cancer. Therefore, identifying the underlying mechanism and discovering new therapeutic strategies for chemoresistance is very important. In the present study, we revealed that HOXD-AS1 expression was remarkably upregulated in DDP-resistant gastric cancer tissues and cells. Additionally, HOXD-AS1 knockdown could improve DDP sensitivity of gastric cancer cells. More importantly, HOXD-AS1 silencing facilitated the DDP sensitivity of gastric cancer cells through epigenetically silencing PDCD4 via recruiting EZH2. Collectively, HOXD-AS1 is a positive regulator in gastric cancer DDP resistance and targeting HOXD-AS1 may be an effective treatment for gastric cancer chemoresistance. Elucidating the underlying mechanism of chemoresistance could contribute to developing reasonable and effective therapeutic targets to overcome chemoresistance. Our results revealed that HOXD-AS1 was increased in DDP-resistant gastric cancer tissues and cells, and HOXD-AS1 silencing facilitated the DDP sensitivity of DDP-resistant BGC823/DDP and SGC7901/DDP cells. All these findings confirmed that HOXD-AS1 could confer DDP resistance in gastric cancer cells. In addition, abnormal HOXD-AS1 expression was reported to be implicated with chemoresistance in various cancers. For instance, HOXD-AS1 expression was elevated in glioma, and HOXD-AS1 knockdown could suppress proliferation, migration and invasion and sensitize glioma cells U87 and U251 to DDP by acting as an miR-204 sponge [19] . Moreover, HOXD-AS1 exerted oncogenic functions and contributed to DDP resistance in cisplatin-resistant cervical cancer cell lines (CaSki-DDP and HeLa-DDP) through acting as a competitive endogenous RNA (ceRNA) to upregulate ZEB1 expression via sponging miR-130a-3p [20] . Furthermore, HOXD-AS1 led to chemoresistance of prostate cancer cells (LNCaP and PC-3) to paclitaxel through activating the transcription of target genes directly by recruiting WDR5 to mediate histone H3 lysine 4 tri-methylation (H3K4me3) at their promoter region [21] . All these findings suggested that HOXD-AS1 could be a vital regulator for chemoresistance in cancers. How elevated HOXD-AS1 led to DDP resistance in gastric cancer has not been determined. Hence, the functional mechanism of HOXD-AS1 was further explored in this work. An increasing number of studies have reported that about 20% of lncRNAs could silence genes by binding to EZH2, a subunit of PRC2 [22] . Additionally, HOXD-AS1 could regulate the expression of genes through recruiting EZH2 in cancers [16, 17] . EZH2 is a histone methyltransferase that epigenetically represses gene expression by increasing H3K27me3 [23, 24] . PDCD4 was reported to be suppressed by lncRNA CASC15, through recruiting EZH2 and subsequently increasing the H3K27me3 level [25] . Therefore, we further explored whether HOXD-AS1 regulated PDCD4 expression through binding with EZH2. Our study found that HOXD-AS1 or EZH2 silencing increased PDCD4 expression. RNA pull-down and RIP assays further confirmed that HOXD-AS1 could interact with EZH2. ChIP and luciferase reporter assays further evidenced that HOXD-AS1 inhibition improved the promoter activity of PDCD4 by reducing the recruitment of EZH2. These data verified that HOXD-AS1 epigenetically suppressed PDCD4 expression through recruiting EZH2 in gastric cancer cells. PDCD4 was revealed to act as a tumour suppressor in many malignances [26, 27] . Likewise, PDCD4 could enhance the response of cancer cells to chemotherapy drugs [28, 29] . Predominantly, elevated PDCD4 expression promoted apoptosis and improved cisplatin sensitivity in gastric cancer [30] . royalsocietypublishing.org/journal/rsob Open Biol. 9: 190068 Consistently, our data also demonstrated the involvement of PDCD4 in DDP resistance in BGC823/DDP and SGC7901/ DDP cells. Furthermore, PDCD4 silencing reversed the improved DDP sensitivity of BGC823/DDP and SGC7901/ DDP cells caused by HOXD-AS1 knockdown. All these data demonstrated that knockdown of HOXD-AS1 sensitized DDPresistant gastric cancer cells to DDP through epigenetically suppressing PDCD4 expression in gastric cancer.
In conclusion, our study demonstrated that HOXD-AS1 knockdown improved DDP sensitivity of gastric cancer cells by epigenetically silencing PDCD4, providing a promising therapeutic target to overcome DDP resistance in gastric cancer.
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